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Carbon is the fourth most abundant element in the universe and has been 
widely studied by the scientific community for many decades. However, new 
frontiers are still being pushed on multiple fronts, including carbon-to-carbon 
(C-C) transitions. Porous carbon fibers exhibit superior physical properties 
such as higher surface areas and adsorptive capacities than conventional flakes 
or granules but are mostly produced through lengthy procedures today [112]. 
It is thus paramount to understand that carbons derived from different 
precursors would possess distinctly different properties. Furthermore, these 
properties would eventually play a critical role in the determination of the type 
of transitions that can occur subsequently.  
Pursuant to this, the thesis focuses on the C-C transitions from flake to fiber in 
various atmospheres with and without the mediation by Pt atomic clusters in 
the typical temperature range of 700-750°C. The first type of C-flake was 
obtained specifically from the pyrolysis of 2-hydroxyethyl cellulose (HEC). 
High aspect ratio fibers exhibiting both laminar and porous semi-crystalline 
structures are produced via the C-C transition in the N2-CO2 co-gas purge.  
On the other hand, introducing Pt atomic clusters to mediate the C-C transition 
during the incubation leads to dendritic growth of fibrous carbon. The second 
type of C-flake derived from the pyrolysis of poly(ethylene terephthalate) 
(PET) leads to amorphous micro-carbon rods through the curling of 




the same N2-CO2 co-gas purge. It is appealing that sparse carbon nanotubes 
(CNT) are also formed from smaller PAH sheets, unveiling the first example 
of CNT developed from the non-catalytic C-C transition.  
The last type of C-flake, derived from -D-glucose polymer (-GP), offers 
micro-ribbons and a honeycomb medium left behind by the growth of the 
ribbons. On the basis of innovating the above unique C-C transition systems, 
this thesis also explored two applications of the resulting fibrous and porous 
carbons, which selectively strip H2S by adsorption from a gas stream and 
phenol from a water stream respectively. In short, the solid state C-C transition 
is a fresh area of carbon material that is significantly affected by the source of 
the precursor carbon and atmosphere in which the transition is incubated.  
In summary, C-C transitions may offer a direct methodology for the 
production of porous carbon fibers from flakes. In order to achieve this, 
comprehensive studies of C-C transitions from flake to fiber in various 
incubation atmospheres with and without the mediation of Pt atomic clusters 
was performed. The significant impact of the precursors used for 
carbonization was explored and a unique C-C transition system and 





1.1 Motivation and Overview 
Carbon is the fourth most abundant element in the universe and has been 
known to man since ancient times. The three naturally occurring allotropes of 
carbon are pitch / coal, graphite and diamond. Carbon can also be produced 
synthetically through many methods such as the carbonization of organic 
substances or polymers. In recent times, porous carbons have begun attracting 
more attention due to their high surface areas and pore volumes that are 
achievable at low costs. Porous carbon composites have found many 
applications, especially in the fields of catalysis [1-3], adsorption for gas 
storage and capture [4, 5], solid-state supercapacitors as electrodes [6-13] and 
as electrode materials for energy storage [7, 14]. 
Hierarchical structured porous carbons [15-18] varying from macro-mesopore, 
micro-mesopore, meso-mesopore and macro-meso-micropore carbons have 
been synthesized through many routes. Amongst all these, the templating 
method has been one of the most widely implemented methods as the pore 
structure and its dimensions could be easily controlled. In particular, the 
evaporation-induced self-assembly method and structure control methods are 
most commonly employed [19, 20].  
Contrary to porous carbon, dense carbon fibers are also very well-known 




(PAN) being the dominant one today. Known for their high tensile strength 
(up to 7 GPa) and modulus (up to 1000 GPa) coupled with their low densities 
and resistance to most chemical species, carbon fibers are highly attractive for 
their applications in various composites [21, 22]. However, the processing cost 
is high for PAN-based and although alternatives like pitch and fully synthetic 
precursors [23] have been explored, the process still continues to be expensive 
and relatively tedious. 
The development of microporous materials for adsorption separation is a 
rapidly growing field today, especially for porous carbon materials [24] due to 
their lower costs. The purification of clean-burning natural gas and the capture 
of carbon dioxide processes are applications that motivate the further 
development and exploration of porous materials with even higher surface 
areas with better adsorptive properties [25]. More energy and cost efficient 
alternative processes to synthesize such materials are also desired.  
As such, the motivation for this study stems from the above and exploration of 
carbon-to-carbon transitions for more efficient methodologies of production 
and deeper understanding of the various allotropes of carbon are sought.  
1.2 Research Objectives 
It is important to realize that a carbonaceous substance contains residual 
structural message passed down from its polymer precursor and hence the 
activated carbon (AC) derived from the carbonaceous substance is unique in 




their graphitization extent. This connection signifies the crucial role of the 
polymer precursor, which has been verified experimentally. In this thesis, I 
have identified 2-hydroxyethylcellulose (HEC) and -D-glucose polymer as 
pertinent precursors for ultimately achieving fibrous and porous carbons 
respectively. Additionally, micro rod-shaped carbon could be inherited from 
the use of poly (ethylene terephthalate) (PET) rather than polymers with 
similar chain structures as precursor. Chapter 2 provides a concise literature 
review on the cutting-edge technical routes and the fundamentals developed 
for carbon transitions and the fabrication of porous media and porous carbon 
fibers.  
Whilst most carbon fibers today consist mainly of microporous structuers, the 
carbon fibers synthesized by the method outlined in this work subsequently 
has a pore size variation from microporous to mesoporous structures. The 
review supports the novelty of the research presented in the thesis work. 
1.3 Thesis Structure 
The thesis has been segmented into several chapters for the convenience of the 
reader. Although the individual chapters can be read and understood 
independently, the author would encourage the individual to read the chapters 
in chronological order in order to best appreciate the evolution and novelty of 




Chapter 3 presents the transition of the HEC-derived AC to a particular type of 
sub-micron porous carbon fibers through a calcination process under an inert 
gas atmosphere, activation in a CO2 atmosphere, and subsequently treatment 
in a co-gas flowing stream. Sublimation of the carbon fragments such as 
planar PAHs with the aid of CO2-etching and thermal stimulation from the AC 
leads to the formation of porous carbon fibers.  
The resulting porous fibers exhibit a broad distribution of XRD d-spacings 
reflecting the role of vapor-deposition in varieties of stacking of PAHs. These 
activated porous fibers exhibits improved adsorption capacity of over 10 times 
greater than the pristine AC from which they are derived. Concisely, the HEC-
derived AC is far more reactive to CO2 at 800 oC than its counterparts from 
other polymer precursors.  
In chapter 4, a trace of platinum (Pt) nanoparticles pre-coated on the HEC-
derived AC was introduced to verify its effect on the proliferation of the 
porous carbon fibers synthesized by the methodology previously described in 
chapter 3. Astounding dendritic clusters comprising dense carbon nano-fibers 
were observed to have formed. It is thus proposed that Pt atomic clusters 
mediate the vaporization of PAHs through side-on coordination pattern and 
their - stacking whilst these species underwent condensation. Furthermore, 
as the CO2-N2 stream flows over a collection of the superheated AC flakes, a 
vortex field is induced as a result of encountering the entering “cold” co-gas 




vortex field acts as a dynamic template, leading to the formation of dendritic 
form of micron-sized carbon needles through the assembly of PAH fragments 
with characteristic spikes (ca. 1µm) and short in length.  
It has to be underscored that the Pt clusters assisted the generation of smaller 
and highly concentrated PAH fragments in the sublimation stream, which is 
responsible for the growth of dendritic dense carbon nano-fibers on the basis 
of the porous carbon sub-micron fibers. These structures are typical of growth 
instabilities and have been observed in cells [26-29], crystals [30, 31] and 
metal alloys [32-37] previously. However, this is the first reported observation 
of such growth in solid carbons and its mechanism of formation is studied in-
depth in chapter 4.  
In chapter 5, the study shifts in focus from the transition of the AC flakes to 
the importance of the role that the precursor (and hence, a specific carbon 
structure) plays in the transition. Polyethylene terephthalate (PET), a well-
known packaging plastic and hence a solid waste, is selected as the new 
precursor. It is appealing that applying the same C-to-C transition condition to 
the AC derived from PET produces short carbon rods in micron size, which 
are dense and amorphous. This can be explained from the electron 
microscopic observation that suggests a different growth manner than the 
sublimation and condensation. Curving of the PAH sheets via layer-by-layer 
steps is regarded as the main manner to render the dense rods. This attribution 




supposedly formed initially from the curling of a small sheet of PAH 
surrounding carbon nanoparticles to create a tube template for subsequent 
growth. This is the first such example of CNT development from a non-
metallic catalytic mechanism. A more in-depth investigation was thus 
conducted to examine the impact of different polymer on the geometry of 
carbon structure. In summary, this chapter provides a clear example of the 
demonstration of the impact of polymer precursor on the growth mechanism 
of the structured carbon under the C-to-C transition condition. 
In chapter 6, the -D-glucose polymer (-GP) was obtained through the 
polymerization of -D-glucose in a hydrothermal system. The -GP was then 
converted to AC subsequently via the C-to-C treatment as described in the 
preceding chapters. The converted AC flakes possessed a honeycomb-like 
carbon porous medium attached to dense carbon fibers along each flake. This 
dual structural feature was incorporated into the pore channels of a ceramic 
membrane for integrating mechanical integrity of the ceramic support matrix 
with the aforementioned fine carbon structure. This carbon-ceramic hybrid 
membrane displays noticeable capability of removing dilute phenol from 
water. 






1.4 Author’s Note 
In the initial stages of my research work, I ventured into producing a mixed 
matrix membrane in the aim of using it for natural gas purification purposes. 
This was to be done by embedding micro zeolites grains in a continuous 
carbonaceous medium to form a membrane with adequate mechanical strength 
as well as to direct gas molecules to pass through the zeolite phase. The choice 
of carbonaceous medium was due to the fact that its structural properties fall 
in the range between polymer and carbon. This was to be done via powder 
compression and thermal consolidation methodology, which permits attaining 
a substantially high zeolite loading in the carbonaceous matrix compared with 
the conventional wet-chemical (cast evaporation) preparation approach. 
However, I faced much difficulty in obtaining a consistently sustainable 
defect-free matrix of the membrane and the selectivity and permeability of the 
membranes were not significantly superior compared to those currently 
fabricated via the existing technologies. As the various problems could not be 
effectively resolved within a feasible duration, this reality finally made me 
bring the work to an abrupt conclusion. 
Nonetheless, the results obtained thus far were encouraging, especially in the 
methods employed for surface modifications in order to improve the 
interactions between zeolite and the carbonaceous support. If time and funding 





2 Background and Theory 
The discovery of new carbon allotropes like fullerenes and single-walled 
carbon nanotubes in recent decades has led to their synthesis via carbon 
transitions from, for example, graphite rods to fullerenes [38]. This was done 
by heating and compressing isotopically pure graphite at high temperatures 
and pressures. A hot substrate with flowing methane was used to deposit 
graphite via the cracking of methane and formed layer-by-layer stacking. 
Whilst the setup was not entirely identical, this technique was adapted for our 
purpose for the transition of carbon flakes to porous carbon fibers. 
Traditionally, surface treatments have always been applied in order to improve 
fiber / matrix adhesions, especially when the properties in that region differ 
from the bulk polymer matrix. There has been significant interest in recent 
years for the development of hierarchical micro / nano composite using 
nanoscale additives such as carbon nanotubes to increase the in-plane shear 
strength to modify the interfaces of the fiber / matrix structures [39]. 
Nanostructured carbon materials have attracted tremendous attention due to 
their fascinating properties and potential applications in various fields such as 
energy storage, water purification and electronics. In particular, porous carbon 
materials with both high surface areas and desirable architectures [9-15, 113] 





2.1 Porous Carbon Nanofibers 
In recent times, hierarchical pore structures within carbon foam have 
demonstrated good stability and excellent catalytic activity [40], paving the 
way for such materials in future as super catalysts. Using a technique 
developed to grow CNTs in-situ within matrices, 2D nanoparticles were 
seeded within layered double hydroxides (LDH) materials and a carbon 
sources was introduced to grow the CNT in-situ [41]. 
The 1D structure provides shortened pathways for electron transport and also 
facilitates mass transfer in the direction perpendicular to the longitudinal axis 
of the fiber in addition to large surface areas of contact. However, it is 
challenging to control the properties of the resulting carbon structures in terms 
of surface area, pore size and surface functionalities.  
Various methods for the synthesis and applications of hierarchical porous 
carbons that possess multimodal pore size distributions of mico-meso-
macropores have been discussed previously [42] but simple template-free 
methods demonstrating better control over pore sizes are desired. Using a 
novel self-template method, mesoporous carbon nanofibers can be synthesized 
via a solution growth process, using ethylene glycol (EG) as the carbon 
precursor with zinc glycolate as a structural constructor and porogen. 
Subsequently zinc oxide is removed and the obtained mesoporous carbon 
nanofibers possess well-designed 1D nanostructure and 3D interconnected 




 In our present work, a templateless method has been designed to produce such 
structures effectively via incubation in various co-gas atmosphere conditions. 
Through this novel methodology for the synthesis of the porous carbon fibers, 
we observed multiple peaks in the FTIR that confirmed the presence of 
graphitized carbons. The effect of heat treatment on the presence of functional 
groups was studied in previously [114]. It was suggested that the increase of 
functional groups on a carbon chain resulted from the conversion of these 
groups from a lower oxidation state (600°C) to higher oxidation state (c.a. 
1100°C). At even more elevated temperatures up to 1200°C, these groups 
were released or converted to other functionalities such as the lactone structure 
from carboxylate. The first portion of this thesis explores the role of the 
incubation environment on the growth of porous carbon fibers whilst retaining 
the functional groups at an intermediate temperature of 800°C. 
The basic requirements of a good adsorbent are its high adsorption capacity, 
high adsorption and desorption rates, predominantly microporous and have a 
relatively high packing density in order to ensure that the storage capacity and 
energy density on a volumetric basis is sufficiently high. In addition, it is 
preferred that the adsorbent have a low heat of adsorption and high heat 
capacity to reduce the fluctuations of the vessel’s temperature and have good 
mass transfer properties as well as be inexpensive to the end uesrs. 
Activated carbon fibers are intrinsically microporous materials, possessing a 




capacity. Adsorptive properties are also highly correlated to the packing 
density of a material. The higher the microporosity and higher the packing 
density of the material, the better the adsorptive properties would be. Hence, 
using activated porous carbon fibers lay the foundation for these properties 
with high packing densities and high porosities, making them highly suited 
and attractive for gas storage applications. This advantage can be attributed to 
the porous texture and even more so to the morphology and flexibility of 
fibers. In a review of various carbons, activated porous carbon fibers were 
shown to be the ideal adsorbent for methane storage applications due to their 
high packing densities, thus presenting high volumetric delivery values [115]. 
Compared with conventional activated carbons, activated carbon fibers offer 
minimum external and intra-bed diffusional rate to mass transfer due to their 
low diameter and a very low hydrodynamic resistance, which is particularly 
useful for filtering high flow of gases, as they can be employed in a variety of 
forms. Carbon fibers activated by CO2 generally have narrow microporosity 
distriputions and the diameter of the fibers does not change much after initial 




3 The Growth of Porous Carbon Fibers Through in situ 
Vapor Deposition  
3.1 Porous Carbon Fibers Abstract 
This study investigates the carbon-to-carbon transition of activated carbon 
flakes from 2-hydroxyethylcellulose polymer to porous carbon fibers (PCF) 
through vaporization fragments of polyaromatic hydrocarbons (PAH) and their 
in-situ condensation under the co-gas atmosphere of N2 and CO2 (v/v=1), 
where CO2 plays the vital role in cutting out vaporizable PAH fragments. The 
polycrystalline PCF formed exhibit d-spacings as large as 17 Å within a 
mesoporous framework. The surface area of the sample increased more than 8-
fold after treatment, thereby improving its adsorption capacity more than 10 
times over the original sample. 
3.2 Introduction to Porous Carbon Fibers 
Chemical vapor deposition (CVD) is one of the most cost effective and 
promising method amongst others such as electric arc discharge [43], radio 
frequency magnetron sputtering [44], spray pyrolysis method [45], radio 
frequency plasma CVD [46] and homogenous deposition-precipitation [47] for 
the fabrication of carbon nanotubes today.  
Traditionally, activated carbon has been commonly used as an industrial 
adsorbent. Activated carbon fibers have a number of significant advantages 




adsorption capacity, as well as high rates of adsorption from gas or liquid 
phases. This is due to the small diffusion distance in fibers and hence, much 
faster adsorption kinetics compared with conventional granular adsorbents 
[48]. More recently, highly porous carbon nanotubes have also been deposited 
onto carbon fiber paper support and subsequently used as the anode in a Li-ion 
battery application [49].  
Activated carbon fibers produced from acrylic textile fibers and others sources 
have been done previously but through lengthy procedures [50]. Activated 
carbon sheets have also been previously modified to improve capacitance and 
energy densities electric double layer capacitors (EDLCs) [51]. Doubling of 
the surface area was also shown to increase capacitance of the EDLC by 
approximately 2%. As a unique form of porous carbons, porous carbon fibers 
(PCF) are unlike either carbon nanotubes or granular activated carbons. PCF 
possess different contours, sizes and most importantly, polycrystalline 
structures with broad ranges of d-spacing values as well as a mesoporous 
carbon framework.  
Chemical vapor deposition method has traditionally been used to grow carbon 
nanotubes [52] from CH4 or C2H2 and bamboo-like carbon nanotubes on 
copper foils from ethanol [53]. Activated carbon fibers have also been featured 
in renewable and sustainable energy reviews previously for adsorption in 
cooling systems [54]. In using PCF, faster adsorption and desorption times 




was attained. In this study, surface areas of up to 1,140m2/g were achieved 
from a treated sample of carbon fiber powder that was originally 130m2/g of 
activated carbon flakes produced from 2-hydroxyethylcellulouse (HEC) 
powder. 
3.3 Literature Review of Porous Fibrous Activated Carbons 
It has been found that fibrous activated carbons exhibit better capabilities than 
their granular counterparts to entrap condensable vapors [48, 55-57], owing to 
their structural traits of higher aspect ratios as well as interconnected micro- 
and meso-pores. Whilst long activated carbon fibers are normally produced 
from acrylic textile fibers and other polymer precursors through lengthy 
procedures [50], short and ultrathin fibers are formed by the electrospinning 
technique [58-64]. In order to generate pores in a carbon matrix, carbon 
dioxide etching is a post carbonization treatment that engraves internal 
micropores without causing obvious alteration in contour to the fibers formed 
[65].  
Alternatively, the construction of various mesoporous carbon frameworks has 
been carried out through the design of polymer precursors, in which using 
templates is a typical strategy [66-68]. Contrary to the direct transition from 
small organic molecules or polymers to fibrous carbons via carbonization and 
then CO2 etching, this work unveils an alternative transition from an activated 
carbon flake to a PCF structure undertaken under CO2 and a co-gas 




carbon allotropes [69-72] because the former, in principle, involves convective 
mass transfer whereas the latter do not. 
3.3.1 Gas Adsorption Isotherms 
In order to fully comprehend the properties of the porous material and the 
transitions made to it with the treatment, the specific surface area, pore size 
distribution as well as porosity of the material is measured. In mesoporous 
materials, adsorption is dominated mainly by capillary condensation whilst 
strong interactions between molecules and the pore walls dominate the 
microporous adsorption.  
3.3.2 Mesopore analysis – Barrett-Joyner-Halenda (BJH) method  
The BJH method was developed to deal with relatively coarse porous 
adsorbents with a wide range of pore sizes [73]. Mesopore size calculations 
are made assuming cylindrical pore geometry using the Kelvin equation in the 
following form:              ቀ    ቁ  ----- (1) 
Where γ = the surface tension of nitrogen at its boiling point (8.85 ergs/cm2 at 
77 K)  
Vm = the molar volume of liquid nitrogen (34.7 cm3/mol)  
R = Gas constant (8.314 x 107 ergs/deg/mol)  
T = boiling point of nitrogen (77 K)  
P/Po = relative pressure of nitrogen  





Substituting the appropriate constants for nitrogen, equation (1) reduces to:   ( )          ቀ   ቁ ----- (2) 
The Kelvin radius, rk is the radius of the pore in which condensation occurs at 
a relative pressure of P/Po. However, as some adsorption had already taken 
place on the walls of the pore prior to condensation, rk would not represent the 
true pore radius. On the other hand, an adsorbed layer remains on the walls 
during evaporation in the desorption process. Hence, the actual pore radius rp 
is given by:  
rp = rk + t ----- (3) 
where t is the thickness of the adsorbed layer.  
This thickness can be taken as 3.54 (Vads/Vm) since a single nitrogen molecular 
layer is 3.54 Å and Vads/Vm is the ratio of the volume of nitrogen adsorbed at a 
given relative pressure to the volume adsorbed at the completion of a 
monolayer for a nonporous solid of the same composition as the porous 
sample. Within this thickness is an inner capillary with radius rk from which 
evaporation takes places as P/Po is lowered. Hence, the relationship between 
the pore volume Vp1 and the inner capillary (Kelvin) volume Vk is established:                   ----- (4) 
Assuming cylindrical pore geometry, the area of each pore, Ap can be 




          ----- (5) 
The total pore areas can then be obtained by the summation of Ap for each step 
in the desorption process. The BJH method computes the summation of the 
exposed area by pores that were previously emptied by physically desorbed 
gases from Ap for each relative pressure decrement. It is assumed that all the 
pores which emptied their condensate during a relative pressure decrement 
have an average radius rp. From the Kelvin radii at the upper and lower values 
of P/Po in the desorption step, the average capillary (core) radius is expressed 
as:    ̅     ̅     ----- (6) 
where tr is the thickness of the adsorbed layer at the average radius in the 
interval in the current pressure decrement and is calculated from equation (1). 
An exact expression for the computation of pore size distributions can then be 
calculated. 
3.3.3 Formation of Porous Carbons  
Other methods of production of porous carbons include chlorination of 
inorganic carbide raw materials such as SiC [74] as well as graphitization of 
highly porous carbons from poly(p-phenylene benzobisoxazole) done 
previously, only produced surface areas of 750m2/g in the best probable case 
[75]. One of the latest ways of synthesizing porous carbons is through 




of sucrose to form carbon replicas of the template [66]. However, a trail run of 
this method only produced surface areas of 475m2/g. 
3.4 Experimental Procedures 
The procedures for the fabrication of the high surface area porous carbon 
fibers are outlined below. 
3.4.1 Formation of Porous Carbon Fibers 
The initial carbon powder sample was prepared from 2-Hydroxyethyl 
cellulose (HEC) by the following method discussed. HEC was placed in the 
center of a quartz tube (diameter: 50mm; length: 1,200mm) and purged with 
an argon stream (flow rate 500 cm3/min) and heated to the carbonization 
temperature of 400°C at a rate of 5°C/min. The sample was held at this 
temperature for 1 hour before the resulting carbonaceous powder was 
activated at 700 oC under CO2 for 1 h (500 cm3/min) and cooled in an Ar 
purging stream to room temperature. The activated carbonized powder was 
ground to a fine powder using a mortar and pestle and washed with deionized 
water several times in order to extract any soluble impurities present [76]. The 
powder was dried at 110°C for 24 hours in a drying oven to complete the 
preparation process. The activated carbon powder consisting of irregular and 
dense carbon flakes (Figure 1a) was obtained thereafter through proper 





Figure 1: (a) Activated carbon flake; (b) Pure N2 5h incubation; (c) N2-CO2 5h incubation; (d) 
TEM image of fiber from sample 1(c). 
Subsequently, the activated carbon powder was heated in a tubular reactor 
(diameter: 10mm; length: 200mm) to 800 °C under a specific gas stream (50 
cm3/min) and this heat treatment (or incubation) lasted for 5 h (unless 
otherwise stated) to incubate porous carbon fibers (PCF). The field emission 
scanning electron microscope (FESEM) micrographs (Fig. 1b-c) show clumps 
of the PCF developed under different incubation atmospheres resulting in 
different contours. The TEM image (Fig. 1d) was taken from a strand of the 
PCF harvested under N2-CO2 co-gas atmosphere. This fiber displays a spine-
like structure assembled by sub-micron carbon wedges and interstitial voids. 




suggest that it takes place through the vaporization and in-situ condensation of 
PAH fragments, leading to the formation of polycrystalline carbon wedges, 
which subsequently assemble to form the fibers.  
3.4.2 Surface Condition Analysis and Structural Characterizations 
The microstructures of the carbon products collated from the reactor were 
scrutinized by electron microscopy (JSM-6700F Field Emission Scanning 
Electron Microscope, JEOL) whilst the porous features of the prepared PCF 
samples were obtained from nitrogen isotherms at 77 K by Brunauer–Emmett–
Teller (BET) surface area measurement and the Barrett, Joyner and Halenda 
(BJH) [73] method on nitrogen isotherms at -196 °C, which were measured 
using an Autosorb (Autosorb-1, Quantachrome instruments). Prior to each 
measurement, the prepared PCF samples were degassed at 300°C for 3 h. The 
surface area (ABET) was calculated from the linear region of the adsorption 
isotherm under the relative pressure (P/P0) from 0.05 to 0.3. Crystalline 
characteristics of the samples were analyzed on a X-Ray diffractometer 
(Brucker D8 Advance, Cu Kα radiation =1.54 Å) and the pendant organic 
functional groups on carbon skeleton were characterized by Fourier transform 
infrared spectroscopy (FT-IR) using the KBr pellet window method. 
An important characteristic to note of this porous carbon fiber that has been 
formed in-situ is that unlike conventional activated carbon fibers formed by 




conventional activated carbon fibers, microporosity is only observed when the 
burn-off is higher than 40% [115]. 
3.4.3 H2S Adsorption Test 
H2S is commonly found in natural gas and is highly toxic and flammable. It is 
a nuisance and is usually removed by reaction with iron (III) oxide, 
hydrodesulfurization, plasma treatment or simply impregnation of activated 
carbon. Hence, H2S adsorption attributes of the PCF and the control samples 
were determined at 25°C in a fixed bed microreactor (diameter: 10 mm; length: 
200mm) where 0.05 g of an adsorbent was packed for each measurement. A 
H2S (1100 ppm)–N2 balance stream was fed with a flow rate of 1000 cm3h-1 at 
1 atm. The H2S concentration in the outlet gas was detected by an 
electrochemical sensor (MOT500-H2S, Keernuo Electronics Technology). The 
change in H2S concentration in the outlet stream portrays the adsorption 
capacity of the test sample. The breakthrough time is defined as the time that 
elapses before the bed exit-concentration of H2S reaches 1% of the inlet 
concentration.  
3.5 Results and Discussions 
3.5.1 Analysis of Surface Condition 
Figure 1 shows the FESEM images of surface morphologies on the activated 
carbon flakes under various conditions of treatments. It is evident that fibers 
are produced from the vaporization of PAH from activated carbon flakes 




hypothesis of flake-to-fiber transition through vaporization of PAH was 
verified by using a specimen of graphite powder (Sigma Aldrich) in lieu of the 
carbon flakes to conduct the fiber growth experiment under identical 
conditions to those used to prepare the sample in Fig. 1c. Unlike the thick PCF 
growth in sample 1c, only a scarce number of fibers in larger diameters can be 
incubated from the graphite specimen because of the strong association of 
graphene sheets in graphite. The occurrence of the fibers supports the etching 
role of CO2 and the proposed sublimation/deposition mechanism.  
 
Figure 2: Magnified view of a single fiber grown from graphite particles attached to its surface 




This phenomenon was assisted by sites on the graphitized surface that had 
been activated by carbon dioxide. This hypothesis was verified by two 
independent experiments that were carried out; the first was done with 
graphite powder that had not been previously activated, in pure nitrogen gas; 
the second was done with a mixture of nitrogen and carbon dioxide gas in a 
50vol%-50vol% atmosphere. The results showed that few fibers were formed 
in the first experiment setup whilst in the second experiment setup, there were 
more fibers formed. This also proved to be true when the experiments were 
repeated with the activated HEC powder. Lesser fibers were formed in the 
presence of pure nitrogen whilst significantly more fibers were formed under 
the carbon dioxide and nitrogen co-gas atmosphere mixture.  
Figure 2 provides a closer inspection of the micro-environment surrounding a 
short segment of an arbitrary fiber originating from graphite. Numerous small 
graphite chips display discernible rough shapes and emerge near the fiber 
segment on a graphite chunk. It is thus construed that these chips must be the 
remaining CO2-reactive graphite pieces from the incubation process. 
Furthermore, the nick in the selected fiber segment shows the bulk 
morphology of the fiber that comprises tiny strands. These strands are 
regarded as the product of deposition of the stripped miniature graphene 
pieces. Accompanying the consecutive fusion of graphene pieces, the strands 
gradually merge together to form scaffolds, which ultimately connect with 




than PAHs from their respective carbon sources under the incubation 
conditions, much fewer fibers could be eventually generated from graphite. 
Moreover, unlike what was shown in Figure 1d, the dense fiber matrix might 
arise from continuous filling of tiny graphene pieces into niches throughout 
the course of fiber formation. We also observed that only trace quantities of 
fiber strands could be generated if CO2 was absent from the incubation 
atmosphere, thereby validating the role of CO2 in skinning miniature 
graphenes.  
3.5.2 Pore Analysis of Porous Carbon Fibers 
The porous structures of porous carbon fibers evolved under different 
incubation atmospheres are studied in detail in this section. Their BET 
isotherms and the specific surface properties are ostensibly greater than that of 
the activated carbon flakes specimen, which exhibits a feeble microporous 
structure with the most abundant pore size of 16Å (0.24 cm3/g) and a specific 
surface area of 250 m2/g. The BET surface area was determined from the 





Figure 3: X-ray Diffraction results of AC under various conditions showing crystalline properties 
When the AC is incubated under pure N2, the pure thermal etching triggers 
formation of mesoporosity (vm/vt=0.66). This is in accordance to its lower 2 
XRD peaks (Figure 3) coupled with an increase in surface area. Furthermore, a 
change of the incubation atmosphere from pure N2 to N2-CO2 permits 
concurrent CO2-etching and hence, results in an even greater harvest of PCF. 
This contributes towards the increase in mesoporosity (vm/vt=0.68), the total 
specific pore volume (0.81 cm3/g) and the surface area (1140 m2/g). These 





Figure 4: Isotherms of BET with pore volume and surface areas for various pore structures. 
As aforementioned, if the incubation is extended to 18 h under the same 
atmosphere, only the phenolic PAH will remain and shows a low surface area 
of 131m2/g with a slightly increased mesoporosity (vm/vt=0.73) but a vt of 0.10 
cm3/g. This outcome supports the previous inference for the occurrence of 
small PAH with similar ring sizes on the basis of the FT-IR spectrum since 
these PAH rings favor closer packings. In addition, the use of He-CO2 as the 
incubation atmosphere instead of N2-CO2 demonstrated modest surface 
properties but a higher mesoporosity (vm/vt=0.80). Such an effect can be 




meant that CO2 could only adsorb onto the reactive activated carbon sites. 
With the CO2 performing its etching role, these sites become micro-pores and 
more preferential to CO2, hence expanding the micro-pores to mesopores. 
It is also noteworthy that the activation step had created some reactive sites in 
the carbon flakes prior to the incubation treatment that was essential to the 
subsequent growth of PCF. This is because the incubation step applied a 
delicate flow rate of CO2 as described above, in order to avert PCF that had 
formed from being destroyed by a higher CO2 flow. In addition, the use of N2 
instead of CO2-N2 as the atmosphere for incubation also resulted in PCF as 
shown in Figure 1b. This test shows as well, the effect of the reactive sites 
inherited from the previous activation step. It is also clear that the PCF in 
Figure 1b display straighter contours and a denser matrix compared to that in 
Figure 1c. As per the observation, the thermal etching under N2 should 
produce PAH fragments with a more regular structure and hence, a more 
closely packed PCF matrix as a logical conclusion, which is further justified 
subsequently by BET surface analysis (Figure 4). 
The impact of incubation atmosphere on both the conversion and pore 
structures in the three co-gases (N2, He, or Ar) of CO2 demonstrated that lesser 
PCF were formed in CO2-He compared to CO2-N2 (Figure 1c), whilst almost 
no PCF were obtained (with most of the initial carbon flakes remaining intact) 
when the transition was conducted in CO2-Ar. This fact suggests that the co-




explained using the pre-exponential factor A of bi-molecular collision model 
[77] since it reflects collision effectiveness at a given temperature: 
       (     ) [    ቆ          ቇ]       
where the subscript i and j represent two molecules; symbol d and M represent 
molecular diameter and molecular weight respectively. The cross A values 
show the order A(CO2-He)   A(CO2-N2)   A(CO2-Ar) while the A values of 
same kind (i = j) are trivial in comparison. In principle, a greater A value will 
lead to more frequent intermolecular collisions and hence, impede the 
probability of the gas molecules landing onto carbon surfaces and reacting. On 
the other hand, the competitive adsorption onto the carbon surface by each 
individual co-gas against CO2 (330pm) should follow their kinetic diameters 
[78], i.e. N2 (364pm)   Ar (340pm)  He (260pm). It is therefore concluded 
that the CO2-N2 combination trades off these two factors, granting CO2 highest 
touchdown frequency to the carbon flakes, thus leading to higher interactions. 
Similarly, a change in the CO2 concentration in N2 from 50% to either 90% or 
10% produced fewer fibers due to an over or insufficient etching extent. 
During the condensation process, a coaxial stacking of sub-micron carbon 
wedges that consists of the planar PAH molecules takes place (Figure 1d). 
This hierarchy is verified by the X-ray diffraction results (Figure 3). Against 
an amorphous structure displayed by the activated carbon flakes, the products 




and CO2-He) display different polycrystalline structures as a result of multiple 
randomized stacking of PAH molecular fragments different in sizes and with 
oxy-groups attached. It is noted that the PCF incubated under N2 (or He)-CO2 
displays a very broad coverage of d-spacing, ranging from 17.9 Å to a mere 
0.91 Å.  
Thus, the PCF offer far greater distances between PAH sheets than normal 
graphitized carbon adsorbents that have the inter-graphene distance of 3.35Å 
[79]. As noted above, the residue of the 18h incubation under N2-CO2 is 
prevalently amorphous phase due to the diminution of the majority of PCF. A 
conclusion can thus be drawn from the above X-ray characterization: it was 
the PCF rather than the activated carbon source that contributed to the 
crystalline features despite the difficulty in separating PCF from the carbon 
residue as both were entangled together. As such, the intensity of crystalline 
peaks could approximate the relative content of PCF in a sample. Indeed, 
similar conversions of the activated carbon flakes to PCF were attained under 
the He-CO2 and N2-CO2 streams, respectively. 
Although there was difficulty in separating the PCF from the flakes, close 
examination under electron microscopy shows that both the He-CO2 and N2-
CO2 streams produced a conversion of ca. 40% to fibers by volume (40% 
yield) whilst conversion under Ar-CO2 stream produced no PCF (0% yield). A 
mass loss of ca. 20% was also observed in all samples regardless of the 




major role in this transition and the yield drops significantly to ca. 15% when 
CO2 was not included in the treatment during the incubation. The incubation 
duration, the identity of co-gas, and the flow rate of CO2 are the key factors 
affecting the yield of PCF at the selected incubation temperature, which have 
been elucidated in the preceding paragraphs. 
3.5.3 FTIR Characterization of Porous Carbon Fibers 
With the exception of the above control experiment with graphite, the infrared 
spectra of the three incubated samples obtained from different treatment 
conditions (Figure 5) show clearer aromatic ring stretching peaks (close to 
1500 cm-1 and 1600 cm-1) compared to that of the activated carbon powder 
besides the overtone bands (1600-1800 cm-1).  
This is due to the occurrence of a fraction of smaller PAH rings with similar 
sizes [76] as the compiling PCF. It is thus rational to deem that both CO2 and 
thermal etchings cut up PAH rings on the surface of flakes into smaller ones, 
which contribute to the construction of PCF. In particular, an extension of 
incubation from 5h to 18 h under N2-CO2 gave rise to a majority of smaller 
PAH species, which also bear phenolic groups according to the obvious O-H 
vibration band (3400 cm-1). Yet, the 18h incubation only left behind a small 





Figure 5: FT-IR spectra showing the various changes in organic functional groups due to 
activation and incubation. 
The reason for the depletion of PCF from this sample should be due to the fact 
that PCF is far more reactive than the carbon flakes towards CO2. Hence, the 
growth of PCF and the in-situ etching of them shifted to the latter side with the 
extension of treatment, leaving behind only a collection of smaller PAH with 
the substituted –OH group. This functional group must have certainly come 
initially from CO2 through a complex conversion process since the activated 
carbon sample showed no oxy-group characteristics in its original IR spectrum. 
It can also be deduced that the PAH with a high –OH substitution degree will 
be immune to further etching by CO2 and converted to PCF. Therefore, the 




3.5.4 H2S Adsorption Test 
The adsorptive properties of the various samples were tested with a H2S 
adsorption test. The results showed that the co-gas treatment (N2-CO2 and He-
CO2) led to the formation of porous carbon fibers, paving the way for the 
breakthrough time to be dramatically increased by up to 4 times the 
breakthrough time for untreated activated carbon flakes. A H2S (1100 ppm)–
N2 balance stream was fed with a flow rate of 1000 cm3/h at 1 atm. The H2S 
concentration in the outlet gas was detected by an electrochemical sensor 
(MOT500-H2S, Keernuo Electronics Technology). The change in H2S 
concentration in the outlet stream portrays the adsorption capacity of the 
testing sample.  
The breakthrough time is defined as the time that elapses before the bed exit-
concentration of H2S reaches 1% of the inlet concentration. The adsorption of 
H2S to the three selected specimens showed different breakthrough durations 
on the basis of per gram adsorbent: 1.4 min (AC-flake); 14.2 min (CO2-N2), 






Figure 6: H2S gas adsorption test results (per gram of adsorbent) for breakthrough 
3.6 Conclusion 
In conclusion, we have observed and described the phenomenon of flakes 
undergoing a vaporization-condensation process to transform to fibrous 
structures under a CO2-containing binary atmosphere at 800 oC. This novel 
method causes the sublimation of the carbon fragments such as planar PAHs 
with the aid of CO2-etching and thermal stimulation from the AC, leading to 
the formation of porous carbon fibers. This C-to-C transition leads to fibrous 
activated carbon with sizes between carbon nanotube and carbon fiber and a 
micro to meso porous structure.  
The co-gas of CO2 plays a vital role in shaping the evolution of the activated 




transition forming high aspect-ratio carbons has not been discovered before 
and the resulting porous fibers exhibit a broad distribution of XRD d-spacings 
as large as 17Å, which reflects the role of vapor-deposition in varieties of 
stacking of PAHs. This phenomenon is presumed to originate from the 
different molecular collision efficiencies and the kinetic diameters of gases. 
Finally, the H2S adsorption test was undertaken to validate the surface 
properties obtained from BET analysis. Concisely, the HEC-derived AC is far 






4 Growth of Dendritic Micron-sized Carbon Spines in a 
Vortex Field over the Pt-aided Sublimation Frontier  
4.1 Abstract 
When a cool N2-CO2 co-gas stream flows over superheated activated carbon 
(AC) flakes, a vortex field near the interface is induced as a consequence of 
the confrontation of the cool co-gas stream and the hot vaporized polyaromatic 
hydrocarbons (PAH) fragments. The vortex field functions as a dynamic 
template, leading to the proliferation of micron-sized carbon needles with 
characteristic spikes (ca. 1µm) and short in length through an anisotropic 
assembly of PAH fragments. A trace amount of Pt pre-coated on the AC flakes 
mediates vaporization through intermediates of carbonyl complexes and the 
side-on stacking of PAH. This phenomenon is a first observation for a solid-
gaseous interface and for a solid carbon substance without electric potential 
assistance.       
4.2 Introduction 
Dendritic growth is characterized by the presence of side branches that evolve 
under two different ways when the latent heat of fusion is removed from the 
interface [80]. Growth resulting from an undercooled melt (usually in alloys) 
results in equiaxed dendritic crystal formations when latent heat is dissipated 
through the cooler liquid at the interface whilst directional solidification or 




It has to be underscored that the Pt clusters assisted the generation of smaller 
and highly concentrated PAH fragments in the sublimation stream, which is 
responsible for the growth of dendritic dense carbon nano-fibers on the basis 
of the porous carbon sub-micron fibers. Such dendritic growth has been 
observed previously in cells [26-29], crystals [30, 31] and metal alloys [32-37] 
and  is the result of mass transfer under meta-stable thermodynamic state. 
Dendritic growth have been observed in cells [26-29], crystals [30, 31] and 
metal alloys [32-37] with a characteristic tree-like structure. These structures 
usually result from growth instabilities that occur when the growth rate is 
limited by the rate of diffusion of solute atoms to the interface and when the 
material is supercooled [81]. Dendrites have shapes that are most suitable for 
heat and mass transfers at small scales and hence, are highly attractive for such 
applications. Numerous studies have been made on dendritic growth of 
crystals [31], as well as mathematical models and simulations [30, 36, 37, 82-
85] predicting such dendritic growth over the years.  
These growths are a result of faster growth along energetically favorable 
crystallographic directions and may be due to anisotropy in the surface energy 
of the interfaces. In trying to minimize the area of these surfaces with the 
highest surface energy, the dendrite would exhibit a sharper and sharper tip as 
it grows [86]. When the crystallization front becomes morphologically 
unstable, small perturbations at the interface will lead to the formation of 




dendritic growth theory using Ivantsov transport theory relating the dendrite 
tip radius and velocity of growth to the tip undercooling with the solvability 
condition for steady-state needle crystal solutions has been found to predict 
growth rates and limitation of the existence of dendrites in 2D fairly accurately 
[81].  
To the best of our knowledge, no reports or discussions on the growth of 
dendritic micon-sized carbon spinal growth in N2 – CO2 co-gas atmosphere 
have been reported nor observed before. Contrary to the growth of porous 
carbon fibers described vividly in our previous work [87] caused by the 
random stacking of carbons in the axial direction leading to the formation of 
fibers, this work describes a different mechanism catalyzed by platinum to 
form carbonyl complexes with side-on uniform stacking that subsequently 
condense to form dense dendritic structures under a co-gas atmosphere. 
Though the incubation environment in both studies is similar, the resulting 
growth looks drastically different due to mediation by a transition metal 
species included on the surface of the sample prior to the co-gas treatment. 
Thus, this chapter aims to report and explain the growth mechanism we 
observed in detail as well as showcase the effect of mediation by a metal 
species on the C-C transition. 
4.3 Experimental Procedure 
An initial sample of 2-Hydroxyethyel cellulose (HEC) is carbonized by the 




HEC was then activated at 700 oC under CO2 for 1 hour and cooled in an Ar 
purging stream. The carbon powder obtained was washed in water until the 
filtrate became colorless. This resulted in an activated carbon powder 
consisting of dense carbon flakes, which was used as the starting material for 
the preparation of the carbon needles. 
4.3.1 Carbon Spinal Growth  
Two separate, independent methods were employed to incorporate platinum 
onto the samples. With the first method, 0.2M Na2PtCl6.6H2O (Aldrich) was 
mixed with 0.2M SnCl2.2H2O (Aldrich) and 0.8M NaOH with ethylene glycol 
(Merck) and sonicated for 10 mins in an ultrasonic bath. The activated carbon 
flakes (10g) was then added and the mixture sonicated for a further 10 minutes. 
Once this was complete, the mixture was placed in microwave and treated at 
high power for a minute and dried in a vacuum oven overnight [88]. The 
sample was subsequently treated at 800°C under N2 – CO2 co-gas atmosphere 
(50cm3 min-1, 50% co-gas feed) for 5 h to grow carbon needles.  
4.3.2 Dendritic Carbon Growth  
With the second method, activated carbon flakes (10g) were coated with 
platinum via sputtering (JEOL JFC-1300 Auto Fine Coater, 90s, 30mA). The 
powder was then subjected to the N2 – CO2 co-gas treatment as described 
above for 5 h. The final carbon products made by both methods were 
characterized by electron microscopy (JSM-6700F Field Emission Scanning 




spectroscopy (Biorad Infra-red instrument) and X-ray Diffraction (Bruker D8-
Advance system). 
4.4 Results and Discussion 
4.4.1 Formation of Dendritic Structures at Solid-cogas Interface 
Under close examination using the transmission electron microscope (TEM), 
tree-like dendritic structures were observed to have formed from the sputtering 
coated activated carbon, with needle-like spinal growth sprouting forth from 
the “main vines” of the dendrites (Figure 8 and Figure 9). Closer examination 
under a higher magnification (Figure 8 and Figure 9, inset) reveals that these 
spines are dense and closely packed with uniform size from base to tip. This 
type of growth is expected under supercooled conditions, which presents itself 
when the elevated temperature of activated carbon on the activated sites comes 
into contact with the cool co-gas entering the reactor. During this process, 
activated carbon sites with platinum coated onto them that have catalyzed to 
form carbonyl complexes of platinum suddenly experience a “supercooling 
effect” due to the contact with the entering co-gas and start to grow in a 
specific radial direction that promotes the greatest stability of the structure. 
Thus, they start forming a dense dendrite needle-like structure due to the 
morphological instability of the vapor-solid interfaces [86]. The cool entering 
gas would form vortices upon entering the region of superheated vaporized 




effect” that takes place when these fronts meet would result in the formation 
of structural deposits as described above. 
 
Figure 7: Schematic of setup used for the formation of dendritic growth 
This discovery is a first observation ever recorded of solid carbon exhibiting 
such behavior. After a time of exposure, the platinum carbonyl complexes 
vaporize and are removed as a heavy metal stream, thereby abruptly 
terminating the growth. This was verified by elemental analysis that showed 
no platinum content remained within the sample after the treatment was 
complete. Based on the observations from the micrograph in Figure 8, the 
treated sample displays dense, needle-like dendritic structures growing 




the flakes (Figure 8 magnified view). The needles were short, dense and thin, 
with no apparent pores on their surfaces. These structures closely resembled 
typical crystals that had split [89], but are primarily formed from carbon 
sources. Since the “supercooling” was limited only to the activated sites 
catalyzed by the platinum deposits, minimal carbonyl complexes could be 
formed and thus, resulted only in short ranged dendritic growth before they 
vaporized and were removed as a heavy metal stream. The metal carbonyl 
complexes also caused spinal growth due to the body structure of the 
complexes, thus favoring growth in specific directions compared to random 
radial growth all around. 
When the activated carbon is sputtered with platinum, most of the platinum is 
trapped on the surface rather than within the pores. Although the hydrates 
within the HEC starting material would no longer be present after 
carbonization and activation is completed, the initial structure of the polymer 
will contribute significantly towards the development of the cactus-like 
structures with further branches growing outwardly from a main stem (as in 
Figure 8 and Figure 9). A previous study done [76] by my group on the effects 
of side chain groups on the final structure formed after carbonization and 
activation has shown the structural differences in PAH flakes would 
profoundly affect the final pore structures of the AC obtained. This 
phenomenon of similar dendritic growth had previously been observed in CO2 




environments. Furthermore, an attempt to cultivate these fibers using 
polypyrrole was unsuccessful due to a different PAH flake structure. 
 
Figure 8: TEM image of dendrite produced by sputtered Pt; enlarged image of carbon spines 
(inset) 
 





Figure 10: Dense needle-like spines growing radially from flakes 
4.4.2 Formation of Carbon Spinal Structures 
In addition to the intriguing observations, it is noteworthy that although 
similar dendritic growth resulted under both conditions of platinum coatings, 
fine growth of carbon needle-like spines of carbon only resulted under the 
platinum sputter-coated activated carbon flakes as exhibited in Figure 11. 
Intriguingly, the dark spot seen in the micrograph (Figure 11 below) is a 
sodium chloride crystal resting on a small carbon center and not a platinum 
particle. Interestingly, it was apparent the branch-like dendritic structures 
exhibiting carbon needle-like outward growth originated from the activated 
flakes (etched by carbon dioxide during the treatment process) that the sodium 
chloride crystals rested upon. These sites occurred across the whole sample, 
but growth stopped a short distance radially away from the flakes (Figure 10). 
This could be due to the removal of the platinum as carbonyl complexes and 
hence, terminated the catalytic growth. This hypothesis was supported by the 






Figure 11: Carbon spines growing radially from a carbon flake center 
Surface analysis performed on the sample showed a surface area of 951m2/g of 
sample with pore volume of ca. 0.4cm3/g of sample. This concurred with our 
previous observation that the sample had large surface area attributed to the 
growth of needles whilst it was dense and hence, had a low pore volume. 
Control experiments conducted with -D-glucose polymer and polypyrrole in 
place of HEC as the precursor for the carbonized flakes were conducted in 
order to verify whether the boundaries of this method of dendritic growth 
could be extended to other activated carbons prepared from various precursor 
polymers. The results were highly encouraging as thick, dense fibers were 
observed to be growing on the surface of the AC flakes from the -D-glucose 




prepared from polymerized pyrrole. A possible explanation for this could be 
the lack of hydrate groups, present abundantly in both alpha glucose as well as 
HEC prior to treatment. 
4.4.3 Analysis of Structural Characteristics of Fiber and Flake Network 
 
Figure 12: XRD plot comparing the various treated activated carbon samples 
The crystalline structure of the samples were scrutinized by X-ray diffraction 
(XRD, Bruker D8 Advance, Cu K radiation, =1.54Å) using Cu target K-
ray (40kV and 30mA) as X-ray source. The scanning range (2) was set from 
5° to 80° at 0.02° per step and the observations showed that the sample with 
platinum sputtered on prior to treatment by the co-gas had 2 extra peaks at ca. 




existence of platinum within the carbonaceous phase [117]. There is also a 
marked increase in the number of peaks in the sample, demonstrating a greater 
extent of crystallinity in structure compared to the sample that had not been 
pre-treated with platinum. As aforementioned, the trace amounts of platinum 
aided the formation of dense carbon spines by catalyzing the vaporization 
process of the small PAH flakes through the formation of platinum carbonyl 
complexes and causing them to grow in a radial direction. The Pt atomic 
clusters mediate the vaporization of PAHs through side-on coordination 
pattern and their - stacking whilst these species underwent condensation. 
With a greater extent of such growth, the extent of crystallinity of the sample 
correspondingly increases, resulting in the formation of additional peaks as 
observed in Figure 12. 
4.4.4 Raman Spectroscopy 
Raman spectroscopy characterization technique was employed in order to 
verify the differences in the molecular polarization potential. As it is highly 
sensitive to the symmetric covalent bonds of C-C that exhibit little or no 
known dipole moment, Raman spectroscopy would be able to discern even 
slight alterations in the orientation of these C-C bonds, often resulting in 
peculiar changes in the final structure. Consequently, this property makes it a 





Figure 13: Raman Spectrum of sample prepared by Pt-sputtering and incubation (Sputtered Pt) 
and microwave method after incubation (Microwaved Pt) 
It is clear that the two spectra contain the D-band, a band around 1330 cm-1 
that is the result of disordered sp2 carbons, and G-band, a band around 1550-
1580 cm-1 arising from in-plane displacements in a graphene sheet. The 
spectrum of the microwaved sample shows a peak ratio of the D-band to the 
G-band of about 1.7, while the same ratio of the sputtered sample is slightly 
greater (c.a. 1.9) than the above one. This implies that the microwaved sample 
has a higher quantity of structural defects than the sputtered sample [91]. This 
conclusion is consistent with the XRD results (Figure 12). In addition, the G 
band of the former sample has peak wavenumber at 1556 cm-1, which is lower 




difference proposes that the microwaved sample has relatively movable in-
plane displacement, which may be interpreted as the result of containing more 
defects. The presence of a broad band at 2750cm-1 is the 2nd – order “G” band, 
the overtone of the D-band frequency [92]. Therefore, the second-order band 
of the microwaved sample is thus stronger due to the presence of a higher 
concentration of the disordered carbons. 
4.5 Conclusion 
We have demonstrated that we can effectively produce dendritic carbon 
growth from regular carbon flakes through the use of activated carbon flakes 
coated with platinum in a co-gas atmosphere. This phenomenon has never 
been observed anywhere else before for a solid-gaseous interface nor ever for 
a solid carbon substance. Once again, the atmosphere plays a vital role in this 
conversion but more importantly, the presence of the hydrate group in the 
precursor and Pt is key in the production of the carbon dendrites. This is 
especially apparent when conducting the control experiments and polypyrrole 
was unresponsive to the treatment despite being incubated under similar 
conditions to HEC as well as the -D-glucose polymer. The amount of 
platinum coated onto the activated carbon flakes is also pivotal in the final 
structure of dendritic growth obtained. Whilst treatment with lower 
concentrations of platinum resulted in bushy tree-like structures (Figure 8 and 
Figure 9), increasing the platinum loading results in spikey cactus-like growth 




5 Evolution of Carbon Micron Rods via Assembling of 
Curvature PAH Sheets 
5.1 Abstract 
This study focuses on the transition of the AC flakes, derived from 
polyethylene terephthalate (PET), a well-known packaging plastic and hence a 
waste solid, to a specific carbon structure. It is appealing that by simply 
applying the same C-C transition conditions as laid out in the previous 
chapters to the AC derived from PET, short carbon rods in micron size that are 
dense and amorphous are produced. However, the electron microscopic 
observation suggests a different growth manner from the sublimation and 
condensation. Curving of PAH sheets via layer-by-layer steps is regarded as 
the main manner to render the dense rods. This attribution is also supported by 
the observation of a few carbon nanotubes, which are supposedly formed 
initially from the curling of a small sheet of PAH surrounding carbon 
nanoparticles to create a tube template for subsequent growth. This is regarded 
as the first such example of CNT development from a non-metallic catalytic 
mechanism. An investigation in more details was carried out to examine the 







Traditional production of long carbon fiber has always been through the 
carbonization of strands of polyacrylonitrile, of which the conversion 
mechanism from polymer to nitrogen-containing graphite structure has been 
clearly determined. Following on from this fibrous polymer-to-carbon strategy, 
recent progress focused on electrospinning technology to produce polymer-
derived carbon nano or micron carbon fibers with inbuilt porous structure [59-
63, 93-95]. Alternatively, chemical vapor deposition technique has also been 
applied to synthesize carbon nano rods [53, 96, 97]. However, investigation 
into the fabrication of carbon nano or micron fibers utilizing carbon to carbon 
transitions is rarely initiated. A publication in the late 90’s reported such a 
feasibility [38]. It is considered that the cyclic polyaromatic hydrocarbons 
(PAHs) species be the basic carbon elements to participate in a carbon-to-
carbon transition at high temperatures.  
This chapter investigates a specific transition of a type of activated carbon 
flakes, derived from carbonization of polyethylene terephthalate (PET), to 
dense short carbon micron rods that are basically amorphous in structure. The 
electron microscopic observation suggests a different growth manner from the 
sublimation and condensation. Curving of carbon sheets assembled by 
abundance of PAHs via a layer-by-layer process is deemed to be the 
mechanistic steps of the transition. This curving fundamentally relies on 




supported by the presence of sparse multiwalled carbon nanotubes (MWCNTs) 
in each batch of the product. These CNTs are supposedly formed initially from 
the curling of a small sheet of PAH surrounding a carbon nanoparticle due to 
the surrounding conditions. This is the first example of CNT developed by a 
non-catalytic and non-CVD approach. It is critical to note that PET is a unique 
precursor leading to this result. Using other polymers such as polypyrrole as 
precursor cannot ultimately give rise to the same result. The investigation was 
carried out to examine the impact of different molecular weight of PET on the 
geometry of carbon structure. In short, this chapter provides a clear example 
demonstrating the impact of polymer precursor on the growth mechanism of 
the structured carbon through the use of multiple precursors and resulting 
structures after the C-C transition. 
5.3 Experimental Procedure 
5.3.1 Synthesis of PAH flakes 
The pristine commercially purchased (Sigma Aldrich) polymer of 
polyethylene terephthalate (PET) was used as the precursor for the synthesis 
of the PAH flakes. 10g of the PET polymer was placed in the middle portion 
of a quartz tube (diameter: 50mm; length: 1200mm) and the reactor purged 
with an Ar stream (585 cm3min-1) for 10mins. The polymer precursors were 
then subjected to pyrolysis at 400°C using a heating ramp rate of 5°Cmin-1 
under inert atmosphere conditions. Thereafter, activation for 1h in CO2 was 




5°Cmin-1 from 400ºC. Once this was completed, the reactor and product were 
allowed to cool to room temperature under the Ar purging stream. The 
activated carbon was removed from the furnace and crushed into fine powder 
using a mortar and pestle before washing multiple times in deionized water to 
remove the soluble impurities and centrifuged. The carbon flakes obtained are 
then filtered and dried overnight in a drying oven. 
5.3.2 Carbon-Carbon transition to Carbon Micron Rods (CMR) 
The dried activated carbon flakes are introduced into a reactor in a co-gas feed 
of He-CO2 (v/v = 1 flow rate) and treated at 800°C (1atm) for 5h before 
cooling to room temperature under a He purging stream. Electron microscopy 
was used to characterize the treated sample using a transmission electron 
microscope and field electron scanning electron microscope (JSM-6700F Field 
Emission Scanning Electron Microscope, JEOL). Subsequently, x-ray 
diffraction analysis was performed on the samples with a X-Ray 
diffractometer (Brucker D8 Advance, Cu Kα radiation =1.54 Å). The porous 
features of the prepared PET samples were obtained from nitrogen isotherms 
at 77 K by Brunauer–Emmett–Teller (BET) surface area measurement and the 
Barrett, Joyner and Halenda (BJH) [73] method on nitrogen isotherms at -
196 °C, which were measured using an Autosorb (Autosorb-1, Quantachrome 
instruments). Prior to each measurement, the prepared PCF samples were 
degassed at 300°C for 3 h. The surface area (ABET) was calculated from the 
linear region of the adsorption isotherm under the relative pressure (P/P0) from 




scrutinized by Fourier transform infrared spectroscopy (FT-IR) using the KBr 
pellet window method. 
5.4 Results and Discussion 
5.4.1 CMR observation and Nanotube growth from PAH flake 
Based on the images obtained from electron microscopy, the C-C transition 
resulted in the formation of short carbon rods in micron size that are dense and 
amorphous (Figure 14). The fiber shown in Figure 14b (inset) shows that the 
top layer of PET has been peeled off to reveal a dense carbonized core. The 
micron-sized dense carbon rods are hypothesized to have formed via a 
different mechanism from those in the preceding chapters. Further 
characterization methods employed subsequently in this chapter proved that 






Figure 14: (a) Polyethylene terephthalate flake; (b) Polyethylene terephthalate fiber after co-gas 
treatment 
Curving of the PAH sheets via layer-by-layer steps is regarded to be the main 
contributor to render the dense rods. The carbonized flakes (Figure 15) 
underwent a rearrangement reaction during the co-gas treatment process 
instead of the vaporization of PAH, leading to formation of dense micron-
sized carbon rods. This will be further discussed in the following section when 
surface analysis using X-ray diffraction was carried out.  
Further investigation unveiled an even more intriguing observation when the 
sample was viewed under the transmission electron microscope. Hollow 
nanotubes made up entirely of multi-walled carbons were observed to have 





Figure 15: Activated carbon flake obtained from carbonization of pristine PET without co-gas 
treatment 
 




The multi-walled carbon nanotube was formed without the aid of any metal 
catalyst and in fact, had a macromolecular carbon at the end of the tube as 
shown in Figure 17 (inset). It is hypothesized that the graphitized sheets that 
peeled off the PET rods rolled into a hollow tube that formed the nanotubes. 
The macromolecular carbon at the termination of the nanotubes was formed 
independently by smaller sheets that had rolled into a ball (similar to a 
fullerene molecule) and formed the seed of the nanotubes to grow after the 
graphitized sheet completely rolled around it and encapsulated it. This 
macromolecular carbon now performed the role of conventional metal catalyst 
seeds (e.g. Nickel), for the growth of carbon nanotubes. It is noteworthy that 
such growth of carbon nanotubes without the use of metal catalyst seed has 
been observed before [98-101] but nanotube growth with the aid of the co-gas 





Figure 17: Carbon nanotube produced from PET under co-gas atmosphere 
It is intriguing to consider whether an alternative polymer precursor could also 
give rise to the CMR after being processed through the same dual steps of 
calcination. Polypyrrole (PPy) was chosen to undertake such an examination 
because it is a conjugated polymer whose pyrolytic product would be 
predominated by sp2 carbons as shown by the following 13C-NMR (Figure 18) 
analysis.  This structural feature might likely favor the development of ordered 





Figure 18: 13C-NMR of the carbon sample obtained from carbonizing polypyrrole and calcination 
at 600 °C for 2 h in Ar. 
The PPy-based AC flake (Figure 19) was found to be less porous than its 
counterpart of the PET-based AC as shown in Figure 15. Both of them were 
prepared under exact the same conditions. After the co-gas treatment, there are 
only traces of fibers found and the majority of the carbon matrix remained the 
same (Figure 20). A careful inspection of the carbon matrix displayed in 
Figure 20 unveils tiny ditches that developed in the matrix, most likely 
attributed to etching by CO2, but most of elementary carbon grains remained 
intact (Figure 21). Apparently the PPy-based AC carbon grains lack the 
required activity under the co-gas treatment at the designated high temperature. 
This comparison suggests that the thermal reactivity of the carbon grains is 
critical, which in-turn depends on the packing of PAH rings within the grains. 
It is deemed that the presence of nitrogen in the PAH framework discourages 
the thermal reactivity. Additionally, too tight a - stacking of PAH rings is 
also an unfavorable factor. From this perspective, the nature of original 
polymer matters since its structure affects the development of PAH structure 





Figure 19: Activated carbon flake obtained from carbonization of PPy without co-gas treatment 
 





Figure 21: Slight ditches formed due to CO2 etching 
5.4.2 Surface and Bulk features of MCR 
Surface analysis was performed on the samples and the porous features of the 
prepared activated carbon samples were obtained from nitrogen isotherms at 
77 K by Brunauer–Emmett–Teller (BET) surface area measurement (Novawin, 
Quantachrome instruments). Prior to each measurement, the prepared PCF 
samples were degassed at 300°C for 3 h. The surface areas (ABET) of the 
samples were measured from the linear range of the adsorption isotherm under 





Figure 22: Isotherm and pore characteristics measurement 
X-ray diffraction was used to characterize the polycrystalline properties of the 
treated samples under the co-gas treatment (Figure 23). When compared 
against the carbonized sample before treatment, it was apparent that the co-gas 
treatment process directly led to the formation of the polycrystalline structures 
in the treated glucose sample and thus, resulted in multiple new peak 
formations in the XRD pattern. However, this was not observed in the sample 
of treated PET. It was evident that this simple “twisting rearrangement of the 
carbon bonds” did not form new hierarchical structures nor induce increased 
crystalline formations, as evident in the XRD readings of the samples before 




phenomenon described in the preceding chapters and this fact was attributed to 
different polymer precursor used in the formation of the AC initially. This 
observation also further underscores the importance of the selection of a 
suitable precursor for the formation of AC for different purposes. 
As clearly seen in Figure 23, the PET sample did not deviate from its original 
amorphous structure significantly. This further verified the fact that the 
mechanism of formation of the carbon rods for PET was differently from what 
was discussed previously in Chapters 3 and 4. 
 
Figure 23: X-ray Diffraction plot of pre and post-treated activated carbon flakes 
This meant that the transition observed in PET was not that of amorphous to 
crystalline form but rather a rearrangement reaction that resulted in the 
formation of carbon hollow tubes. Addition reaction by vinyl groups due to 
the formation of a large macromolecular carbon spherical structure similar to 
fullerene. Vaporized PAH flakes condense on the surface of these 




greater affinity. As this progressed over time, the condensed structures arrange 
themselves into a flat sheet not dissimilar to graphitized sheets. As they 
assemble, they are pushed outwardly from the surface of the AC flake, 
forming a hollow tube. This reaction continues as long as there is sufficient 
PAH condensing and being activated by CO2 in the reaction and peeled off the 
PET flakes (Figure 14). 
From Figure 16 and Figure 17, it can be hypothesized that the layer of carbon 
that peeled from the carbonized PET flakes joined together to form a 
macromolecular structure under high temperature significantly higher than its 
decomposition temperature. This caused it to form a macromolecule in order 
to be thermodynamically stable. However, as carbon dioxide is not 
significantly strong to induce the mechanism illustrated in Figure 26, only 
limited quantities of the macromolecular templates were formed. When these 
macromolecular carbons came into contact with the vaporized PAHs, the 
vaporized PAHs from the pertinent carbon sources quickly condensed and 
formed a continuous sheet of graphitized hierarchical carbon that extended 
forth from the carbonized PET flakes.  
The hypothesis was verified using fullerene dispersed into carbonized PET 
flakes. There was only a marginal increase in the growth of the hollow fibers 
observed when the fullerene was dispersed in amidst the PET flakes as shown 





Figure 24: PET flake with presence of agglomerated fullerene along CNTs formed 
The fullerene contributed in the extension of branching forth of the hollow 
carbon tubes within the tube branches as it served as an anchor for the 
vaporized graphite flakes to latch onto and grow radially. 
5.4.3 Infrared finger prints to scrutinize fine carbon structures  
Fourier transform Infra-red (FTIR) spectroscopy was performed to determine 
if there were any significant changes between the carbon skeletons of the PET 
activated carbon flakes and of the co-gas treated CMR. The FT-IR spectra of 
these two carbon structures display three characteristic infrared absorption 
bands: the PAH skeletons show the C=C asymmetric stretch absorption (2000 
cm-1) and the C-H bending (750 cm-1); the sp3 carbon species show C-C 
bending (500 cm-1) and C-C stretching (1000 cm-1).  It was noted that the co-
gas treated carbon sample exhibited weaker C-C species than its precursor. 




to the presence of abundant sp3 species that enable the bending of carbon 
skeleton. The reduction of this type of species after co-gas treatment is 
proposed to be due to cage opening reactions and the growth of laminar sheets. 
Furthermore, the C=C asymmetric stretch absorption band shifts slightly 
towards a higher wavenumber direction, implying the extension of APH 
laminar structures, which possesses stronger bonding. The following section 
gives more specific inference on the variation of the IR spectra.       
 
Figure 25: FTIR characterization to verify significant changes between the carbon skeletons of the 
PET activated carbon flakes and the co-gas treated CMR 
5.4.4 Unique structural character of PET as precursor leading to CMRs 
formation 
Each elemental carbon grain consists of a number of randomly packed PAHs. 
These PAHs will undergo solid phase restructuring to form laminar sheets 




inherited from PET possess the capability to form laminar structure facilitated 
by the co-gas. 
The thermal decomposition of the ester linkage will typically follow the 
reaction mechanism depicted in Figure 26. Such formations usually result in 
the formation of highly conjugated structures that would trigger the 
development of cage-like PAH structures (or Cn-fullerenes, n>>60) due to the 
addition reaction between the vinyl groups. 
 
Figure 26: Reaction mechanism inducing CMR growth 
When treated under the co-gas conditions, the Cn-fullerene cages would be 
cleaved by the CO2 and open up to form curved PAH sheets and undergoes 





Figure 27: Opening of Cn-fullerene cages by co-gas treatment 
5.5 Conclusion 
Based on the characterization results obtained, we can conclude that the co-gas 
method is pivotal in the formation of carbon fibers and also the production of 
nanotubes. In particular, it is noteworthy that nanotubes could be grown 
without the need for metal catalysts and just using the co-gas process as 
demonstrated in this paper. On the other hand, the growth of the nanotubes 
stemmed from the formation of macromolecular carbons that seeded the radial 
growth of hollow nanotubes from the carbonized PET flakes and were 
assembled with graphitized flakes that had vaporized and had high affinity for 
similar carbons when condensed. These carbons assembled around the central 
macromolecular carbon and continuously pushed it outward as the assembly 
process continued. This chapter also provides a clear demonstration of the 
impact of various polymer precursors on the growth mechanism of the 





6 The Incorporation of Adsorptive Carbon into Zinc-
doped Kaolinite Support Matrix for Phenol Removal 
6.1 Abstract 
The -D-glucose polymer (-GP) was obtained through polymerizing -D+ 
glucose in a hydrothermal system. The AC subsequently generated from -GP 
was subjected to the C-C treatment as used in the previous chapters. It 
converted the AC flakes to honeycomb-like carbon porous medium attached to 
dense carbon fibers along each flake. This dual structural feature was then 
translated into the pore channels of a ceramic membrane for integrating the 
mechanical integrity of the ceramic support matrix with the aforementioned 
fine carbon structure. The resulting carbon-ceramic hybrid membrane displays 
noticeable capability of removing dilute phenol from water. 
6.2 Introduction 
Ceramics generally belong to a class of inorganic, non-metallic materials that 
are often crystalline in nature and would contain compounds such as alumina, 
zirconia oxides, silicates or their various substrates. They are usually formed 
by a sintering process before cooling to obtain the final product. Some 
industrial applications for such materials include refractories, cements and 
abrasives, mainly due to their high temperature and chemical resistance as 
well as densities. Above that, ceramic membranes also offer significant 




stainless steel membranes, amongst others, such as the ability to operate 
effectively in crossflow filtration mode for higher filtration rates compared to 
dead-ended filtration or direct flow filtration methods [102-105]. Of the 
numerous types of ceramics available today, kaolinite (or kaolin clay) ranks 
amongst the cheapest form of ceramics.  
Formed primarily of alumina silicates with one tetrahedral sheet linked 
through oxygen atoms to an octahedral sheet of alumina, the primary uses of 
kaolin include the production of paper as well as pottery and as abrasives. It is 
however, not deemed to be suitable for membrane production due to its poor 
sintering ability, usually resulting in the formation of brittle material. This is 
due to weakly jointed particles caused by random amorphous-like stacking of 
individual flakes and leading to poor contact between particles consequently. 
In this study, I have invented and patented a methodology to create a highly 
porous ceramic matrix with substantial mechanical strength to function as a 
support for the anchoring of the carbonaceous phase within the pore channels 
of the ceramic matrix for dilute phenol adsorption. 
6.3 Experimental Procedure 
6.3.1 Fabrication of High Porosity Kaolin pellet 
In order to generate a structure with greater porosity and enhanced mechanical 
strength after sintering, the pristine kaolinite powder was doped with various 
metals to diversify its network structures and include interlinked pore channels. 




nitrate dopant and dispersing it in 10 ml of deionized water. After initial 
agitation to obtain a clear solution, 8 ml of AR grade ethanol (Fisher Scientific, 
absolute grade) was then added as received. Subsequently, the kaolin powder 
was added and resulting mixture was mechanically agitated to disperse the 
powder uniformly for 30 min. Finally, the mixture was dried at 80 °C for 6 h 
and 120 °C for another 6 h to completely remove both the water and ethanol. 
The dried lump was then heated at 650 °C for 6 h in a furnace, with both 
heating and cooling rates set at 2.5 °C/min. The lump was ground to obtain the 
fine powder of metal- doped kaolinite.  
In the second stage of the process, the metal-doped kaolinite was mixed in 5 
wt% of polyvinyl butyral (PVB) with a mixed solvent of equal volumetric 
amount of 2-butanone and toluene followed by the addition of non-ionic 
surfactants as additives (Span-80 (Sorbitan Monostearate), Menhaden fish oil 
and dibutyl phthalate) and starch (as pore-former). The solvent was then 
evaporated by flowing air and dried at 50 °C for 2 h, leaving behind solid 
lumps that were then ground and sieved to obtain fine binder-coated kaolinite 
powder and eventually introduced into a die set (25 mm diameter) and then 
subjected to hydraulic press at 4 metric tons for 10 min. Thereafter, the pellet 
was then carefully removed from the die set and placed in a cubic furnace and 
subjected to a sintering temperature of 1150 °C for 6 h. A cooling and heating 
rate of 1.5 °C/min was used. Eventually, a sintered ceramic article was 




below 1200°C in order to prevent phase separation into mullite (3Al2O3.2SiO2) 
and crystalline cristobalite, SiO2. 
6.3.2 Fabrication of High Porosity Kaolin Hollow Tube  
The kaolin powder was doped with zinc as above in 6.3.1.  The ground kaolin 
powder was placed into a silicon tube and placed in a cold isotactic press and 
pressurized at 35,000 psi for 20min duration. Thereafter, the tube is removed 
from the silicon tube mold and placed in a cubic furnace and subjected to a 
sintering temperature of 1150 °C for 6 h. A cooling and heating rate of 
1.5 °C/min was used. Eventually, the sintered ceramic tube was obtained. 
Caution was exercised to ensure that the sintered tube was supported at all 
times during the process to ensure that the final product did not flex. 
6.3.3 Inclusion of carbonaceous matrix -D-glucose is subsequently introduced into the ceramic matrix and 
carbonized in an inert argon gas atmosphere. The ceramic matrix would 
function as the support for the carbonaceous adsorbent to be anchored onto to 
facilitate the removal of dilute phenol. 
6.4 Results and Discussion  
Following on, various methods of characterization were performed on the 
metal-doped ceramic to understand its properties. These included surface 
analysis such as electron micrograph imaging, x-ray photon spectroscopy, 
surface area and pore volume analysis using the mercury porosimeter as well 




measure the rejection rate of the various conditions of carbonaceous coatings 
in the membrane for phenol adsorption. 
6.4.1 Fabrication of high porosity zinc-doped kaolin matrix 
Doping of the kaolin powder with zinc was done through wet chemistry 
methodology and impacted the morphology of the final matrix after sintering 
compared to the pristine matrix after sintering. The doped matrix exhibited 
greater mechanical strength and a higher flux as introduction of this transition 
metal provided the basis for the reaction between it and the aluminum present 
in the kaolin to take place. A favorable consequence of this was the generation 
of “pot-holes”, thus reducing the reliance on sacrificial templates to be used as 
pore formers. A patent has been filed for this invention.  
Based on the electron micrograph observations (FESEM, JEOL JSM-6700F, 
Tokyo, Japan) (Figure 28Error! Reference source not found.), the zinc-
doped kaolin sintered membrane was uniform in its internal structure and had 






Figure 28: Well-formed zinc-doped kaolin matrix 
The crystalline characteristics of the sintered zinc-doped kaolin sample was 
scrutinized by X-ray diffraction (XRD, Bruker D8 Advance, Cu K radiation, 
=1.54Å) using Cu target K-ray (40kV and 30mA) as X-ray source. The 
scanning range (2) was set from 5° to 80° at 0.02° per step. Figure 29 shows 






Figure 29: XRD diffraction pattern of the kaolinite matrix 5% doping after calcination at 1150 °C 
for 6h. (•) mullite; (*) ZnO2 
X-ray photon spectroscopy (XPS, Kratos Axis System) was used to trace the 
presence of zinc within the kaolin matrix to ascertain if the doping was 
successful and if the matrix had a change in the state of aluminum. Indeed, the 
shift in peaks proved that zinc had reacted with the aluminum present in the 









The porosity of the pellet was investigated by means of an air permeation test. 
The edges of the test pellet were sealed with aluminum stickers to create a gas-
tight annulus and compressed purified air was passed through the pellet to be 
test over an exposed area of ca. 2.01cm2. Darcy’s permeability of the pellet 
was found to be ca. 1.40E-15 and calculated using Darcy’s law assuming the 
dynamic viscosity of the compressed purified air to be 1.86E-5 Pa.s as 
calculated from Sutherland’s equation.  
 
Figure 31: Pore characteristics of sintered kaolin matrix 
The pore characteristics of the matrix were investigated by BET analysis and 




(Micrometrics AutoPore III, Norcross, GA, USA) with 0.1966cm3/g total 
intrusion volume, 4.465m2/g total pore area and 32.1% porosity. From the 
difference in results obtained for the total pore volume, it could be concluded 
that the matrix was macroporous with highly interlinked pore channels within 
the matrix. This was desirable for our subsequent application outlined in 6.3.3. 
A final test conducted on the zinc-doped matrix was the modulus of rupture 
test. This was done by a 3-point bending test conducted on a micro-tester 
(Instron 5500 Micro Tester, maximum 1kN loading) with a span length of 
15mm. The following formula was used to calculate the modulus of rupture: 
                   
where FS is the fracture strength (Pa), Lspan is the span length of the fixture 
(m), d is the thickness of the specimen (m) and b is the width (m). 
The modulus of rupture averaged 32.7±0.8MPa for the pellet as shown below. 
 
Table 1: Modulus of Rupture of Zn-doped kaolin 
6.4.2 Honeycomb porous activated carbon flakes and Fibrous growth 
The AC flakes obtained from the carbonization of -D-glucose polymer 
underwent a transition under co-gas atmosphere to form dense carbon fibers 




noteworthy observation was the honeycomb porous feature of the porous AC 
flakes that were formed without the aid of a template, unlike what was done 
previously [106-111].  
 
Figure 32: Fiber growth along the edges of an alpha D+ glucose honeycomb porous flake 
The growth of the fibers in the carbonized -D-glucose polymer sample is 
attributed to the same process outlined in 3.4.1. However, the fibers formed 
are not as porous but similarly exhibit an increase in crystalline properties 
after the fibers are formed, as shown in the XRD plot in Figure 33. This 
supports the theory that the fibers must have been formed via the same layer-
by-layer sublimation-condensation mechanism in order to increase the 








Figure 33: Increase in crystalline properties after co-gas treatment corresponding to fibre growth 
6.4.3 Removal of dilute phenol via adsorption 
A layer of glucose is coated on the walls of the pore channels of the zinc-
doped kaolin support matrix and carbonized in inert argon atmosphere. The 
dilute phenol (100ppm, 0.5bar feed pressure) that flows through the pore 
channels would be adsorbed onto the surface of the hydrophobic carbonaceous 




through. UV-VIS characterization of the feed and subsequent rejection rate 
was measured and tabulated for various concentrations of glucose introduced 
into the matrix and the corresponding rejection rates. 
 
Figure 34: Phenol rejection rates for various loading of glucose (0.5M – 2M) and zinc (5wt% - 
20wt%) 
Increasing the loading of glucose within the pore channels helped to improve 
the rejection rates over time substantially whilst increasing the loading of zinc 
did not seem to affect the rejection rates significantly. However, increasing the 
loading of zinc during the doping phase correspondingly increased the flux of 
the final membranes by a factor of 3. This is shown in Figure 35 with a plot of 







Figure 35: Variation of rejection rate with volume of permeate 
6.5 Conclusion 
A novel method for the creation of a high porosity kaolin matrix support with 
improved physical properties was investigated in detail in this work. The zinc-
doped kaolin matrix was well-formed and exhibited a modulus of rupture of 
32.7MPa with 32.1% porosity, 0.1966cm3/g total intrusion volume and a total 
pore area of 4.465m2/g. Subsequently, glucose polymer was introduced into 
the pore channels of the kaolin support matrix and coated onto the walls 
before being carbonized to form a continuous carbonaceous media for removal 
of dilute phenol via adsorption. In the best results obtained to-date, the 
rejection rate remained at 100% after a period of 60min of continuous testing 






In this thesis, carbon to carbon transitions have been explored and greater in-
depth understanding of the ways polymer precursors will profoundly impact 
the eventual properties of the activated carbons produced have been 
documented and proven. The author has observed and described the 
phenomenon of AC flakes sourced from HEC undergoing a vaporization-
condensation process to transform into fibrous structures under a CO2-
containing binary atmosphere at 800 oC. This C-C transition leads to fibrous 
activated carbon with sizes between carbon nanotube and carbon fiber and a 
micro to meso porous structure. The co-gas of CO2 plays a vital role in 
shaping the evolution of the activated fiber and, in particular, its porous 
structure. This phenomenon is presumed to originate from the different 
molecular collision efficiencies and the kinetic diameters of gases. Eventually, 
the H2S adsorption test was undertaken to validate the surface properties 
obtained from BET analysis. 
Subsequently, platinum was used to mediate the process and it was 
demonstrated that dendritic carbon growth could be effectively produced from 
regular activated carbon flakes through the use of activated carbon flakes 
coated with platinum in a co-gas atmosphere. This phenomenon has never 
been observed anywhere else before for a solid-gaseous interface nor ever for 
a solid carbon substance. Once again, the atmosphere plays a vital role in this 




precursor is a key element in the production of the carbon dendrites. This is 
especially apparent when conducting the control experiments and polypyrrole 
was unresponsive to the treatment despite being incubated under similar 
conditions to HEC as well as -D-glucose polymer. The amount of platinum 
coated onto the activated carbon flakes is also pivotal in the final structure of 
dendritic growth obtained. Whilst treatment with lower concentrations of 
platinum results in bushy tree-like structures, increasing the platinum loading 
results in spikey cactus-like growth of carbon needle-like spines. 
A more intriguing finding was when PET was used as the precursor for the 
production of activated carbon. Whilst it can be proven that the co-gas method 
is pivotal in the formation of carbon fibers earlier, it also led to the production 
of carbon micron rods and nanotubes when PET was carbonized and treated in 
the co-gas atmosphere. In particular, it is noteworthy that nanotubes could be 
grown without the need for metal catalysts and just using the co-gas process as 
demonstrated in this paper. The growth of the nanotubes stemmed from the 
formation of macromolecular carbons that seeded the radial growth of hollow 
nanotubes from the carbonized PET flakes and were assembled with 
graphitized flakes that had vaporized and had high affinity for similar carbons 
when condensed. These carbons assembled around the central macromolecular 
carbon and continuously pushed it outward as the assembly process continued. 
Finally, an application was developed for the carbon to carbon transitions 




porosity kaolin matrix support with improved physical properties was outlined 
in detail. The zinc-doped kaolin matrix was well-formed and exhibited a 
modulus of rupture of 32.7MPa with 32.1% porosity, 0.1966cm3/g total 
intrusion volume and a total pore area of 4.465m2/g. Subsequently, glucose 
polymer was introduced into the pore channels of the kaolin support matrix 
and coated onto the walls before being carbonized to form a continuous 
carbonaceous media for removal of dilute phenol via adsorption. In the best 
results obtained to-date, the rejection rate remained at 100% after a period of 
60min of continuous testing with a flux of 12L/ m2h.  
7.1 Recommended Future Work 
As an extension of the current work, the porous fibrous carbon powder could 
be further used for a gas purification application where the increase in 
adsorption active surface area would improve its adsorptive capacity 
substantially. In addition, the porous fibrous carbon can also be used as anode 
materials in lithium batteries applications. These viable options can also be 
easily scaled up as the conditions are straightforward and costs are fairly low. 
Further exploration of the template-free approach for the synthesis of the 
honeycomb-like carbon structure can be made in order to use it for various 
applications in the oil and gas as well as wastewater treatment industries. As 
the removal of phenol from oily water has been shown to be viable, scaling up 
the process for commercialization would prove to be highly attractive as 




polymeric membranes as these will be degraded quickly with the presence of 
phenol. A green initiative would also be to convert waste PET plastics into 
intertwined micro-carbon rods generated from the C-C transition as filler for 
composite materials instead of metals. 
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